###### Significance

Group 3 late embryogenesis abundant (G3LEA) proteins are disordered in solution, but they structuralize into an α-helical structure during drying. To elucidate the origin of this unusual property, we performed replica exchange MD simulations for a peptide composed of two tandem repeat of an 11-mer motif characteristic to G3LEA proteins. It was revealed that its single chain alone exhibits no structuralization, but its two-helix bundle forms a left-handed α-helical coiled coil in the dry state. These results support the cytoskeleton hypothesis that has been proposed as a mechanism by which G3LEA proteins work as a desiccation protectant in anhydrobiotic organisms.

The traditional view of the structure--function paradigm is that a protein's function is closely related to a uniquely rigid three-dimensional (3D) structure, which is determined by the protein's primary amino acid sequence. However, it has been accepted that a number of proteins do not adopt a unique 3D structure in solution; instead, they adopt random-coil-like conformations \[[@b1-16_196]--[@b3-16_196]\]. Such proteins undergo a disorder-to-order transition as a requirement for biological function, and they are referred to as intrinsically disordered proteins (IDPs) \[[@b1-16_196]--[@b3-16_196]\].

The late embryogenesis abundant (LEA) proteins, initially identified in cotton seeds at late stages of embryo development \[[@b4-16_196],[@b5-16_196]\], are now accepted as IDPs \[[@b6-16_196]--[@b9-16_196]\]. In many anhydrobiotic organisms, LEA proteins are likely to be produced for tolerance against drought stresses \[[@b10-16_196]--[@b13-16_196]\]. LEA proteins can be classified into several groups according to the gene expression pattern or amino acid sequence \[[@b10-16_196]--[@b13-16_196]\]. Among them, group 3 LEA (G3LEA) proteins have been characterized well. G3LEA proteins are disordered in solution, but they acquire a secondary, predominantly α-helical structure during drying \[[@b6-16_196]--[@b9-16_196]\]. This property is highly unusual compared with those of usual globular proteins, the dehydration of which most often causes the loss of structure rather than the formation of an ordered structure.

The primary structures of G3LEA proteins consist of several tandem repeats of 11-mer motifs that are loosely conserved between different anhydrobiotes \[[@b10-16_196]--[@b13-16_196]\]. In a previous study, we explored the consensus sequences of the 11-mer motifs for several native G3LEA proteins that originate from anhydrobiotes among insects (*Polypedilum vanderplanki*), nematodes, and plants \[[@b14-16_196]\]. The resulting 11-mer consensus sequence for each organism was shown to contain three Lys, and three acidic residues (Glu and Asp), and these oppositely charged residues were well mixed in the linear sequence. Thus, the 11-mer motifs are categorized into strong polyampholyte in the IDP classification \[[@b15-16_196]\]. Our previous study indicated that the peptides that have two or four tandem repeats of the 11-mer consensus motif are disordered in the solution, but form an α-helical coiled coil in the dry state \[[@b14-16_196]\]. In addition, we have demonstrated that, similar to native G3LEA proteins, these peptides have the ability to protect biological materials from desiccation stress: for example, a 22-mer peptide composed of two tandem repeats of an 11-mer motif (AKDGTKEKAGE) can protect liposomes and proteins against desiccation stress \[[@b16-16_196]--[@b21-16_196]\]. Hereafter, we call this peptide PvLEA-22, because its 11-mer motif was derived from the G3LEA proteins of *Polypedilum vanderplanki* \[[@b22-16_196]\]. Taken together, for a better understanding of the structure-function relationship of G3LEA proteins, it is of great importance to investigate the disorder-order transition mechanism of the 11-mer motif regions at the atomistic level.

Standard atomistic structure analysis methods such as X-ray diffraction and cryo-electron microscopy would be inapplicable to highly disordered molecules. Instead, computer simulations can directly provide atomistic information not only on the transient structures but also on their dynamics. Li and He applied a conventional molecular dynamics (cMD) simulation to examine desiccation-induced structural alterations in a 66-amino acid fragment of a G3LEA protein from an anhydrobiotic nematode \[[@b23-16_196]\]. In their study, its folded structure in vacuo was first determined to be a hairpin-like, double-bundled, α-helical structure by homology modeling. It was found that this structure becomes disordered in response to the addition of water. Recently, a similar cMD simulation study was reported by Navarro-Retamal, *et al*. \[[@b24-16_196]\], who revealed the hydration-induced unfolding of the intrinsically disordered LEA proteins COR15A and COR15B from *Arabidopsis thaliana*. These simulations were helpful for the mechanistic understanding of the disorder-order transition of G3LEA proteins. However, from a theoretical viewpoint, the use of a cMD simulation is problematic in the case of IDPs. They are characterized by a comparatively shallow free energy landscape with multiple local minima that lack a dominant global minimum. For obtaining a convergent, statistically relevant picture of the structural ensemble, i.e., an accurate representation of the Boltzmann-weighted distribution of conformations, the use of enhanced sampling methods is required.

In the present study, we adopted the replica exchange molecular dynamics (REMD) method for enhanced conformational sampling \[[@b25-16_196]\] and explored the most stable conformations of PvLEA-22 at different water content levels, from 5 to 78.3 wt%. Then, we prepared several different initial structures, including only a single α-helical chain of the peptide or its double-bundled strand. In the latter case, we tested different types of chain arrangements: 1) the dipole moments were parallel or anti-parallel, and 2) due to the amphiphilic nature of the α-helix of the 11-mer motif, two types of the side-to-side contact were tested: hydrophilic-hydrophilic facing or hydrophobic-hydrophobic facing. On the basis of these results, we revealed that the single chain alone exhibited no IDP-like property, and the interaction of at least two chains via the hydrophilic faces was indispensable for structuralization into an α-helix in the dry state. The present results support the cytoskeleton hypothesis that has been proposed as a mechanism by which the G3LEA protein work as a desiccation protectant.

Methods
=======

Simulation systems
------------------

To examine the water content dependence of the peptide structures, we prepared eight simulation systems differing in water content ([Table 1](#t1-16_196){ref-type="table"}), where the simulation box size was 9 nm×9 nm×9 nm under the periodic boundary conditions. As described below, one or two peptide molecules were put in the box.

According to our previous FTIR study, PvLEA-22 structuralizes from disorder into an α-helical coiled coil upon dehydration, and this change is fully reversible: the folded peptide returns to the disordered state upon hydration \[[@b14-16_196]\]. Therefore, it is reasonable to start the simulation with the folded structure of the peptide in an extremely dehydrated state and monitor the peptide unfolding in solution of a given water content until equilibrium is reached. This protocol is identical with that described in a previous study by Li and He \[[@b23-16_196]\], who performed a cMD simulation, not REMD, for each solution with a given water content.

The 11-mer repeating motifs of PvLEA-22 are expected to have an amphiphilic character due to a hydrophobic stripe formed by the apolar residues at the positions 1, 2, 5, and 9 and a wider hydrophilic stripe formed by the polar residues at positions 3, 6, 7, 8, and 11 \[[@b14-16_196]\]. Thus, two types of the side-to-side contact are possible when two α-helical chains of the peptide are parallelly arranged: hydrophilic-hydrophilic facing or hydrophobic-hydrophobic facing. Furthermore, two types of dipole moment orientation are possible: parallel or anti-parallel. Taken together, we prepared the following four types of chain arrangements in the initial state: 1) the hydrophilic-hydrophilic facing of two α-helix chains and the anti-parallel arrangement of their dipole moments ([Fig. 1a](#f1-16_196){ref-type="fig"}), 2) the same dipole arrangement as in 1), except the hydrophobic-hydrophobic facing ([Fig. 1b](#f1-16_196){ref-type="fig"}), 3) the hydrophilic-hydrophilic facing of two chains and the parallel arrangement of their dipole moments and, and 4) the same dipole arrangement as in 3), except the hydrophobic-hydrophobic facing. In each model, the two peptide chains were separated with a minimal Cα-Cα distance of 3.8 Å.

In advance, we performed the cMD and REMD simulations to examine which chain arrangements are more stable in vacuo ([Supplementary Fig. S1](#s1-16_196){ref-type="supplementary-material"}). As a result, arrangements 3) and 4) were confirmed to be less stable, probably due to the electrostatic repulsion between the two parallel dipole moments. Therefore, we selected only the 1) and 2) arrangements as the initial structures for the present REMD simulations ([Fig. 1](#f1-16_196){ref-type="fig"}): hereafter, these models are called anti-parallel hydrophilic-facing and anti-parallel hydrophobic-facing models, respectively.

For comparison, we prepared a peptide whose amino acid sequence was randomized with the same amino acid composition as that of PvLEA-22 \[[@b14-16_196]\]. Hereafter, this peptide will be called the scrambled peptide (AKEKGETDKAGGAKD TEGKEKA) \[[@b16-16_196]--[@b21-16_196]\]. For this peptide, we tested a model in which the dipole moments of two chains were anti-parallelly arranged.

In addition to these two-chain models, we tested a single-chain model where one α-helical chain of PvLEA-22 or the scrambled peptide was put in the simulation box.

The protonation states of Asp, Glu and Lys in the peptides were determined with the assumption of pH=7 in the water content range of 78.3--37.2 wt%, and then the total net charge of the system was zero in all the systems studied. On the other hand, in the water content range of 22.5--5.0 wt%, these dissociative residues were neutralized to avoid their excessive electrostatic interactions due to the dehydrated environment.

Computational details of REMD simulation
----------------------------------------

The exact choice of temperature is crucial for the optimal performance of the REMD simulation. The temperatures have to be selected in a way that gives the same exchange probability between all adjacent pairs over the entire temperature range. Patriksson and Spoel proposed an algorithm that generates a set of temperatures to obtain a desired exchange probability \[[@b26-16_196]\]. In the present study, we determined a set of temperatures according to this algorithm. Then, the exchange probability and the temperature range were selected to be 0.3 and 300 K--400 K, respectively. The resulting number of replicas are listed in [Table 1](#t1-16_196){ref-type="table"}. The total simulation time of each REMD simulation was 140 ns, and the REMD exchanges were attempted every 2 ps. The 10--140 ns trajectory data were subjected to data analyses, including the dictionary of secondary structure of proteins (DSSP) and principal component analysis (PCA).

All simulations in this study were performed using the MD simulation package Gromacs 5.0.4 with the GROMOS 54A7 force field \[[@b27-16_196]\] and the SPC water model \[[@b28-16_196]\]. The simulations were performed in the isothermal--isochoric (NVT) ensemble with a Nosé--Hoover thermostat \[[@b29-16_196],[@b30-16_196]\]. During the MD simulations, the covalent bonds were constrained by the LINCS algorithm \[[@b31-16_196],[@b32-16_196]\], and the SPC water molecules were constrained with the SETTLE algorithm \[[@b33-16_196]\]. The van der Waals interactions were used with a cutoff distance of 4 nm. The electrostatic interactions were calculated using the simple cut-off method with a large cut-off distance of 4 nm. The simulation time step was set to 2 fs.

Results
=======

Secondary structure analysis
----------------------------

The results of the DSSP analysis for the anti-parallel hydrophilic-facing and anti-parallel hydrophobic-facing models of PvLEA-22 are summarized in [Tables 2](#t2-16_196){ref-type="table"} and [3](#t3-16_196){ref-type="table"}, respectively. In the anti-parallel hydrophilic-facing model, the secondary structure is dominantly a random coil in high water content solutions of 78.3 and 65.5 wt%, and the sum of the coil, bend and turn contents reaches approximately 70%. With the decreasing water content, the percentage of the α-helix increases, and it eventually exceeds that of the random coil at a water content approximately 50 wt%. A similar tendency was also observed for the anti-parallel hydrophobic-facing model, although the inversion between the α-helix and coil contents occurred at a lower water content of approximately 30 wt%.

[Figure 2a](#f2-16_196){ref-type="fig"} shows the water content dependence of the α-helix rate in the anti-parallel hydrophilic-facing and anti-parallel hydrophobic-facing models, whose results are plotted in blue and red, respectively. The α-helix rate of the former model increases in an accelerated fashion with a loss of water and reaches larger than 60% in the extremely dry solutions of 7.5 and 5.0 wt%. Similarly, the α-helix rate of the latter model also increases with the loss of water, although it reaches a plateau below 20 wt%. In contrast, in the case of the double-bundled strand of the scrambled peptide (green plots in [Fig. 2b](#f2-16_196){ref-type="fig"}), the α-helix rate is always low (\<20%) over the whole examined water content range.

Interestingly, in the single-chain model of PvLEA-22 (orange plots in [Fig. 2a](#f2-16_196){ref-type="fig"}), no apparent increase of the α-helix rate was observed in low water content solutions; its α-helix rate was kept below 20%, except for in the two water content cases, where the rates were 65.5 and 52.2 wt%. The origin of such irregular behavior approximately 60 wt% will be explained later. Similarly, in the single-chain model of the scrambled peptide, the α-helix rate was also low (\<20%) over the whole examined water content range (violet plots in [Fig. 2b](#f2-16_196){ref-type="fig"}).

Tertiary structure analysis
---------------------------

To examine the three-dimensional structure distribution of the peptide chains for each water content, the trajectory data at 300 K were subjected to PCA, and the sampled structures were projected on the plane that was defined by the first and second principal axes (PC1 and PC2). Several examples of such clustering analysis for PvLEA-22 are shown in [Figures 3a-c](#f3-16_196){ref-type="fig"}, which correspond to the results for the anti-parallel hydrophilic-facing model. As expected, at a high water content of 78.3 wt% ([Fig. 3a](#f3-16_196){ref-type="fig"}), the structures are widely distributed over the PC1-PC2 plane: there are many clusters with shallow minima (yellow and orange regions). With decreasing water content, the number of clusters tends to decrease, while the minimum of each cluster becomes deep. In [Figures 3b and c](#f3-16_196){ref-type="fig"}, we picked up relatively deep minima as Basins 1 and 2, which correspond to the clusters with a distribution probability of \>30% and 15--30%, respectively. In the case of an extremely low water content of 7.5 wt%, most of the sampled structures are located in Basin 1.

The representative structure with the highest appearance probability at each water content is given in [Figure 4](#f4-16_196){ref-type="fig"}. In the higher water content solutions of 78.3 and 65.5 wt%, the peptides are almost disordered. With the decreasing water content, the ratio of α-helical fragments increases, and eventually, an anti-parallel double-bundled structure becomes predominant in extremely low water content, which is consistent with the results of the DSPP analysis. As shown in [Figure 5](#f5-16_196){ref-type="fig"}, the number of the interchain hydrogen bonds steeply increases with the decreasing water content (decrease of the peptide-water hydrogen bonds). This implies that the formation of the interchain hydrogen bonds compensates for the energy loss due to the decrease of hydrogen bonds with the surrounding water molecules and simultaneously stabilizes the anti-parallel helix arrangement.

In [Figure 6](#f6-16_196){ref-type="fig"}, the structure in the water content of 22.5 wt% is illustrated along two sight lines that are different from that in [Figure 4](#f4-16_196){ref-type="fig"}. Obviously, the two chains are twisted to each other, resulting in a coiled coil-like structure (see discussion). Such a twisted structure was maintained down to the lowest water content level. To understand how the coiled coil structure is stabilized, we examined the orientations of the side chains of the dissociative residues (Glu and Asp: red, Lys: blue). As shown in [Supplementary Figure S2](#s1-16_196){ref-type="supplementary-material"}, where the water molecules are deleted, the side chains of Lys residues are oriented to those of Glu and Asp, which are located at the helix-helix interface. Consequently, the hydrogen bonds are formed between Lys and Glu/Asp residues, which would be a main driving force for the formation of coiled coil.

Similar PCA analyses were performed for the anti-parallel hydrophobic-facing model, and representative structures were picked up for each water content level. The results are shown in [Supplementary Figure S3](#s1-16_196){ref-type="supplementary-material"}. Similar to [Figure 4](#f4-16_196){ref-type="fig"}, the anti-parallel double-bundled α-helical structure was stabilized with the decreasing water content. Interestingly, during the REMD simulation, the way of lateral contact of the two helices spontaneously changed from the hydrophobic-facing (initial structure) to hydrophilic-facing arrangement ([Supplementary Fig. S4](#s1-16_196){ref-type="supplementary-material"}). Such a drastic structural change is thought to be driven by the formation of the interchain hydrogen bonds in place of the peptide-water hydrogen bonds ([Supplementary Fig. S5](#s1-16_196){ref-type="supplementary-material"}).

In the scrambled peptide, which cannot form an amphiphilic helix, the double-bundled α-helical structure in the initial state was disrupted, and the two chains were aggregated in the low water content solutions ([Supplementary Fig. S6](#s1-16_196){ref-type="supplementary-material"}). Similarly, the structure of the single-chain model was, as a whole, disordered over the whole water content range, except at 52.2 and 65.5 wt% ([Supplementary Fig. S7](#s1-16_196){ref-type="supplementary-material"}). In a medium water content range approximately 60 wt%, the peptide chain tends to fold back at the central Gly residue to form an intramolecular anti-parallel double-bundled α-helical structure, which is consistent with the maximal peak of the α-helix rate approximately 50--60 wt% found in [Figure 2](#f2-16_196){ref-type="fig"} (orange plots).

Discussion
==========

Anhydrobiotic organisms can survive severe drought state in which they show no detectable metabolism but retain the ability to revive after rehydration. In the case of the larva of *P. vanderplanki*, for example, the water content in the anhydrobiotic state is \<5 wt% \[[@b34-16_196]\]. Usually, such an extremely dehydrated state should cause the structural disruption of cell and intracellular components, such as proteins and membranes. To avoid this, anhydrobiotic organisms accumulate desiccation protectants, such as disaccharide trehalose and LEA proteins in cells \[[@b35-16_196]\]. The mechanism by which trehalose works as a protectant has been extensively investigated \[[@b36-16_196]--[@b38-16_196]\]. However, the functional mechanism of LEA proteins remains less clear than those of trehalose. In this study, we focused on LEA proteins, especially G3LEA proteins.

In general, globular proteins are stabilized by a hydrophobic core. However, such a core is not a distinct feature of G3LEA proteins, because hydrophobic and hydrophilic amino acids are involved in a similar ratio. Accordingly, different from usual globular proteins, G3LEA proteins are disordered in water but structuralize to form an α-helix in the dry state, as demonstrated by the FTIR observation of the amide I band \[[@b6-16_196],[@b8-16_196]\]. This unique character is thought to be responsible for the biological function of a desiccation protectant. However, the mechanism by which such structuralization is induced by desiccation has not been clarified. According to our previous studies, the repeat region of the 11-mer motif characteristic to G3LEA proteins is the core functional region \[[@b16-16_196]--[@b21-16_196]\]. Thus, we here focus on a peptide that is composed of the two tandem repeats of the 11-mer motif, PvLEA-22, and extensively explored the structures of single- and two-chain systems of PvLEA-22 over a wide range of water content levels from 5 to 78.3 wt%.

In the single-chain model, the α-helix rate of PvLEA-22 was not increased upon dehydration ([Fig. 2a](#f2-16_196){ref-type="fig"} (orange), [Supplementary Fig. S7](#s1-16_196){ref-type="supplementary-material"}). In addition, PCA analysis indicated that the structure is distributed widely over the PC1-PC2 plane ([Supplementary Fig. S8](#s1-16_196){ref-type="supplementary-material"}), which means that there is no predominant chain conformation. In the present REMD simulations, the maximal water content tested was 78.3 wt%. To examine the behavior of the peptide in higher water content states, we carried out cMD simulations for the system in which a single α-helical chain of PvLEA-22 is dissolved in bulk water in the initial state. The root mean square displacement (RMSD) data of three runs all indicated that the peptide conformation was disrupted within approximately 20 ns ([Supplementary Figs. S9a and b](#s1-16_196){ref-type="supplementary-material"}). Thus, the single chain of PvLEA-22 is intrinsically disordered irrespective of the water content. In this regard, the 11-mer motif region is different from single α-helical (SAH) domains that have had much attention recently because they form isolated α-helices \[[@b39-16_196]\].

The α-helical conformation of PvLEA-22 was also unstable in the two-chain models when water content was increased up to 78.3 wt% ([Figs. 3a](#f3-16_196){ref-type="fig"} and [4](#f4-16_196){ref-type="fig"}) and the peptide was dissolve in bulk water ([Supplementary Figs. S9c-e](#s1-16_196){ref-type="supplementary-material"}). However, the double-bundled α-helical strand became predominant in the extremely dry state ([Fig. 2a](#f2-16_196){ref-type="fig"}, red and blue). This structure is likely stabilized by the formation of interchain hydrogen bonds through which the hydrophilic surfaces of the two amphiphilic chains come into contact with each other ([Fig. 6](#f6-16_196){ref-type="fig"}, [Supplementary Figs. S2 and S4](#s1-16_196){ref-type="supplementary-material"}). In contrast, in the scrambled peptide, whose α-helix does not have the amphiphilic character, two chains were aggregated ([Supplementary Fig. S6](#s1-16_196){ref-type="supplementary-material"}). These results are consistent with our previous FTIR study, which indicated that the band positions of the amide I spectrum of dried PvLEA-22 agreed well with those of typical coiled-coil proteins, and the scrambled peptide was disordered in both aqueous and dry states \[[@b14-16_196]\].

The present REMD result that the anti-parallel double-bundled α-helical strand is the most stable structure in the dry state of PvLEA-22 strongly rationalizes the previous simulation studies for other LEA proteins/peptides. In a previous study by Li and He \[[@b23-16_196]\], the water content dependence of the structure of a 66-amino acid fragment, including four repeating motifs of 11 amino acids of a G3LEA protein from an anhydrobiotic nematode, was investigated using a cMD simulation with a production run of 5 ns. Then, the initial structure was constructed by homology modeling and was assigned to a hairpin-like, double-bundled, α-helical 3D conformation. The simulations indicated that this initial structure was almost maintained in the water deficit state, while the protein was largely unstructured in an aqueous solution. Although the short (5 ns) cMD simulations explored only a limited region of the conformational space, the obtained conclusion is thought to be no problem in light of our present REMD result. Recently, Navarro-Retamal, *et al*. conducted cMD simulations for the full length LEA proteins COR15A and COR15B from *Arabidopsis thaliana* \[[@b24-16_196]\]. Their simulations for the dry state also started from homology modeling structures in which two α-helices with an amphipathic character with opposing polar and apolar faces oriented along the longitudinal protein axes face in different directions, and the two α-helices are connected by a loop. The simulations indicated that such initial structures were rapidly disrupted in water, which is again consistent with the present REMD results.

After the REMD simulation, the anti-parallel α-helical chains in the initial structure ([Fig. 1](#f1-16_196){ref-type="fig"}) converged to a coiled coil structure, as shown in [Figure 6](#f6-16_196){ref-type="fig"}. Coiled coils are a common structural feature in proteins \[[@b40-16_196]\]. The sequence of a typical coiled coil is characterized by a series of contiguous heptad repeats or hendecad repeats. In the former, apolar residues occur predominantly in the 1st and 4th positions, resulting in the formation of a left-handed apolar stripe along the surface of the right-handed α-helix. In the latter, apolar residues occupy in the 1st, 4th, 5th and 8th positions, resulting in the formation of a right-handed apolar stripe. Usually, it is thought that coiled-coils are formed through the interaction of apolar stripes to be buried at the center of the molecule. As a result, heptad-based and hendecad-based helices dimerize to form the left-handed and right-handed coiled coil, respectively. The 11-mer motif of LEA proteins forms a right-handed apolar stripe \[[@b41-16_196]\]. Thus, in an early study by Dure \[[@b41-16_196]\], the LEA proteins were predicted to form a right-handed coiled coil. However, the coiled coil formation in the water deficit state does not necessarily follow the above conventional rule because the hydrophobic interaction may not be a main driving force in the structural formation of two protein/peptide chains. Indeed, our REMD simulation indicated that the hydrophobic-facing structure spontaneously changed to the hydrophilic facing one, as demonstrated in [Supplementary Figure S4](#s1-16_196){ref-type="supplementary-material"}. The resulting coiled coil is the left-handed one, as may be guessed from [Figure 6](#f6-16_196){ref-type="fig"}. This was confirmed from the observation of a model in which the double-strand model of [Figure 6](#f6-16_196){ref-type="fig"} was repeated two times along the helix axis (see [Supplementary Fig. S10](#s1-16_196){ref-type="supplementary-material"}).

According to our experimental study \[[@b14-16_196]\], PvLEA-22 forms highly stable glass at room temperature in the dry state: the glass transition temperature Tg was observed at 102°C. Although the scrambled peptide also vitrifies, its Tg (84°C) was significantly lowered than that of PvLEA-22. It is thought that this difference originates from the difference in microstructure between these glassy matrixes. Namely, the α-helical coiled coil should be mechanically more stable than the random coil, leading to the formation of more stable (higher Tg) glass in PvLEA-22 than in the scrambled peptide. To support this, we examined whether the coiled coil of PvLEA-22 is stable up to high temperatures around its Tg. In [Supplementary Figure S11](#s1-16_196){ref-type="supplementary-material"} is shown the result of the PCA analysis for the REMD trajectory at 400 K and a representative structure in the case of water content of 7.5 wt%. These data clearly indicate that the coiled coil of PvLEA-22 is stable at such a high temperature. In fact, the secondary structure analysis indicated that the average α-helical rate over the 400 K trajectory was 58%, while that of the scrambled peptide was 17%.

In nature, *P. vanderplanki* larva can live in dried mud on rocks whose surface temperature reaches 60°C (333 K) \[[@b34-16_196]\]. PvLEA-22 is a model of G3LEA proteins in *P. vanderplanki*. Based on the above results for the stability of this peptide, the coiled coil of the G3LEA proteins is expected to be stable under the inhabitation conditions of this anhydrobiotic organism.

When α-helical coiled coils are assembled to form filaments, they work as a strong structural skeleton. If such filamentation occurs in dried cells, the resulting filaments would work as the cytoskeleton (cf. steels in buildings) to avoid the desiccation-induced disruption of the cells. This is the cytoskeleton hypothesis that has been proposed as one of the mechanisms by which G3LEA proteins function as desiccation protectants \[[@b10-16_196]\]. The present REMD study supports this hypothesis.

Conclusion
==========

The present REMD simulations allowed the extensive structure exploration of PvLEA-22 over a wide water content range from 5 to 78.3 wt%. One of the important findings is that the single chain of PvLEA-22 alone exhibits no IDP-like property, and instead, the interaction of two α-helical chains via the hydrophilic faces enables the structuralization of a mechanically stronger coiled coil in the extremely dehydrated state, in which the water content is approximately 5 wt%, which is close to that in the dried larva of *P. vanderplanki*. This scenario is likely true for longer peptides with many tandem repeats of 11-mer motifs and native G3LEA proteins, which could form an intramolecular α-helical coiled coil by folding back their chains, as was already examined in the previous cMD simulation studies \[[@b23-16_196],[@b24-16_196]\]. The coiled coil is stable enough to be maintained under stressful inhabitation conditions like high temperature, as confirmed for the coiled coil of PvLEA-22. Therefore, it is likely that G3LEA proteins work as a cytoskeleton in dried cells to enable anhydrobiotic organisms to survive drought environments.
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![The initial structures for the REMD simulations of PvLEA-22. (a) anti-parallel hydrophilic-facing model, (b) anti-parallel hydrophobic-facing model. In each figure, a side view (left) and a top view along the helix axis (right) are shown. The red, blue and green stick models represent the side chains of acidic (Asp and Glu), basic (Lys) and neutral (Ala and Thr) amino acid residues, respectively.](16_196f1){#f1-16_196}

![Water content dependence of the helix rates of PvLEA-22. (a) The anti-parallel hydrophilic-facing (blue) and hydrophobic-facing (red) models. The results for the single-chain model are represented in orange. (b) The antiparallel double helix model (green) and single-chain model (violet) for the scrambled peptide.](16_196f2){#f2-16_196}

![Free energy maps were obtained from the PCA analysis for the anti-parallel hydrophilic-facing model. (a), (b) and (c) represent the results for the water content levels of 78.3, 65.5 and 7.5 wt%, respectively. The energy values (kJ/mol) are indicated by the color code.](16_196f3){#f3-16_196}

![Representative structure of the anti-parallel hydrophilic-facing model in each water content level (given in wt%).](16_196f4){#f4-16_196}

![Water content dependence of the number of interchain hydrogen bonds (blue) and of the peptide-water hydrogen bonds (red) in the anti-parallel hydrophilic-facing model.](16_196f5){#f5-16_196}

![Representative structure of the anti-parallel hydrophilic-facing model at a water content level of 22.5 wt%. The red and blue stick models represent the side chains of acidic (Asp and Glu) and basic (Lys) amino acid residues, respectively.](16_196f6){#f6-16_196}

###### 

Eight REMD simulation systems differing in the total number of water molecules, water content (wt%) and the number of replicas in the REMD simulation

  number of H~2~O molecules   H~2~O content (wt%)   replicas
  --------------------------- --------------------- ----------
  894                         78.3                  20
  471                         65.5                  18
  271                         52.2                  14
  147                         37.2                  12
  72                          22.5                  8
  40                          13.9                  8
  20                          7.5                   8
  13                          5.0                   8

###### 

Water content dependence of the secondary structure distributions (given in %) for the anti-parallel hydrophilic-facing model

  H~2~O content (wt%)   α-Helix   β-sheet   β-bridge   turn   bend   coil
  --------------------- --------- --------- ---------- ------ ------ ------
  78.3                  23        3         2          12     20     39
  65.5                  27        1         1          11     22     38
  52.2                  37        0         0          8      18     37
  37.2                  45        4         3          6      11     31
  22.5                  57        0         1          5      9      28
  13.9                  60        0         0          9      7      24
  7.5                   62        0         2          7      6      24
  5.0                   61        0         0          7      7      25

###### 

Water content dependence of the secondary structure distributions (given in %) for the anti-parallel hydrophobic-facing model

  H~2~O content (wt%)   α-helix   β-sheet   β-bridge   turn   bend   coil
  --------------------- --------- --------- ---------- ------ ------ ------
  78.3                  22        4         2          21     9      38
  65.5                  31        1         1          10     10     39
  52.2                  29        0         1          10     18     40
  37.2                  31        6         4          11     11     34
  22.5                  49        1         3          9      9      27
  13.9                  48        2         3          9      10     48
  7.5                   48        1         1          12     8      33
  5.0                   42        1         3          21     8      23
